SUMOylation of transcription factors often attenuates transcription activity. This regulation of protein activity allows more diversity in the control of gene expression. Interferon regulatory factor-1 (IRF-1) was originally identified as a regulator of IFN-␣/␤, and its expression is induced by viral infection or IFN stimulation. Accumulating evidence supports the theory that IRF-1 functions as a tumor suppressor and represses the transformed phenotype. Here we report that the level of SUMOylated IRF-1 is elevated in tumors. Site-directed mutagenesis experiments disclose that the SUMOylation sites of IRF-1 are identical to the major ubiquitination sites. Consequently, SUMOylated IRF-1 displays enhanced resistance to degradation. SUMOylation of IRF-1 attenuates its transcription activity, and SUMOylated IRF-1 inhibits apoptosis by repression of its transcriptional activity. These data support a mechanism whereby SUMOylation of IRF-1 inactivates its tumor suppressor function, which facilitates resistance to the immune response.
S
UMOylation is a posttranslation modification, in which the SUMO moiety (known as SMT3 in yeast) is attached to the lysine residues of target proteins. Although SUMOylation shares many common features with ubiquitination, its role in cellular metabolism is diverse (1) . Ubiquitination is generally, but not always, involved in proteasomal protein degradation, whereas SUMOylation affects numerous processes, including subcellular localization, modulation of transcriptional activity, and enhanced protein stability (1, 2) . A striking characteristic is that a small fraction of the substrate is SUMOylated at any given time, but SUMOylation alters the long-term fate of the modified protein after rapid de-SUMOylation (3) . Over the past few years, several studies have focused on the role of SUMOylation in tumorigenesis (4) . Recent reports indicate that Ubc9, the single SUMO E2 ligase catalyzing the conjugation of SUMO to target protein, is overexpressed in ovarian cancer (5) , and the SUMOylation status of reptin modulates the invasive activity of cancer cells with metastatic potential (6) . However, at present, limited information is available on the relationship between SUMOylated proteins and tumors.
Interferon regulatory factor-1 (IRF-1) was originally identified as a regulator of IFN␣/␤. IRF-1 expression is dramatically up-regulated on viral infection and stimulation by the IFN family, including IFN␣, IFN␤, IFN␥, and TNF␣ (7) . Accumulating evidence supports the theory that IRF-1 functions as a tumor suppressor (8) (9) (10) (11) and represses the transformed phenotype (10, (12) (13) (14) . In human tumors, IRF-1 is inactivated to prevent apoptosis and cell cycle arrest by genetic mechanisms, such as gene deletion and exon skipping (11, (15) (16) (17) . IRF-1 is a substrate of both ubiquitination and SUMOylation (18, 19) . In the present work, we screened the SUMOylated proteins in tumor cells and found that the level of SUMOylated IRF-1 is significantly increased. We propose that the elevated level of SUMOylated IRF-1 in tumor cells interferes with IRF-1-mediated apoptosis.
Results
SUMOylation often affects subcellular localization, stability, and transcriptional activity of target proteins (2, 3) , and it is proposed that specific SUMOylated proteins exist in tumor cells to enhance tumorigenicity. As shown previously, SUMOylated proteins migrate slowly because of the attached moiety, and are thus readily detected by immunoblot analysis. To identify the SUMOylated proteins in tumors, a series of immunoblots were performed with cell lysates extracted from MRC-5 (control) and MCF-7 (tumor sample). Because the SUMO isopeptidase is capable of readily cleaving the isopeptide bond between SUMO and the target protein, cell lysates were carefully prepared by direct boiling to inactivate the enzymes (20) . Among several signaling molecules, IRF-1 displayed a shifted band in tumor samples in an anti-IRF-1 immunoblot (Fig. 1A Left) . The specific modifications of IRF-1 in tumors were further confirmed by immunoblotting with other normal and tumor cell lines (data not shown). Ectopic coexpression of IRF-1 and SUMO-1 induced SUMOylation of IRF-1 in HEK293 cells (Fig. 1B) . The SUMOylated IRF-1 protein comigrates with a 75-kDa band found in HeLa tumor cells (Fig. 1C) . Our findings were further supported by immunoprecipitation assays with the anti-SUMO-1 antibody. MCF7 cell lysates were immunopurified with the anti-SUMO-1 antibody, and then the immunoprecipitates were probed with anti-IRF-1 antibody. Analysis of immunoprecipitates confirmed that IRF-1 is SUMOylated in tumor cells [supporting information (SI) Fig. 5 ]. Ectopic expression of SENP1, an SUMO isopeptidase, resulted in a dramatic reduction in shifted SUMO-IRF-1 bands. In addition, longer exposure of control HeLa cells led to multiple bands, and the level of modified forms were significantly decreased upon SENP1 expression, suggesting that IRF-1 is modified by SUMO-1 at multiple positions in tumor cells (Fig. 1D) . These results were confirmed by findings from tumor tissues. It is important to note that SUMOylated proteins can be easily de-SUMOylated until inactivation of the SUMO isopeptidase by boiling. Because of the large number of steps required to homogenize tumor tissue, it was difficult to obtain clear shifted bands as obtained with the tumor cell lines. However, upon longer exposure, five of five ovarian tumors contained the shifted SUMOylated forms of IRF-1 (Fig. 1E  Left) , whereas normal ovarian tissues expressed low amounts of IRF-1 protein (Fig. 1E Left) . To confirm that the shifted bands observed in ovarian tumor tissue lysates were SUMOylated forms of IRF-1, tumor cell lysates were immunopurified with anti-SUMO-1 antibody, followed by immunoblot analysis with anti-IRF-1 antibody (Fig. 1E Right) .
Among components of SUMOylation machinery, Ubc9 is the sole SUMO E2 conjugation enzyme, and PIAS3 is known to be the E3 enzyme for IRF-1 SUMOylation (19) . Recently, it has been reported that the levels of Ubc9 and PIAS3 were generally increased in tumor cells (5, 21) . Because IRF-1 is extensively conjugated with SUMO-1, we examined the expression levels of Ubc9 and PIAS3 in tumor cells. The levels of Ubc9 and PIAS3 are elevated in the MCF7 cell line, compared with MRC5 ( Fig.  1 A Right) . Consistent with recent findings by other investigators, we also detected the elevated levels of Ubc9 and PIAS3 in tumors (Fig. 1E) .
To exclude the possibility of a transcriptional increase of IRF-1 mRNA in tumor tissues, the IRF-1 mRNA level was examined by RT-PCR analysis. There was no significant difference between normal and tumor tissues (Fig. 1E) , indicating that the increased expression of IRF-1 protein in tumor is independent of transcriptional control. Protein stability is often regulated by the attachment of SUMO or ubiquitin (22) . Because up-regulation of IRF-1 protein is accompanied by its SUMOylation, we assumed that the level of IRF-1 protein in tumor correlates with its SUMOylation. To test this hypothesis, we examined whether SUMOylation is involved in IRF-1 protein stability. Ectopic coexpression of SUMO-1 and IRF-1 induced SUMOylation. Treatment with the proteasomal inhibitor, MG132, induced a dramatic increase in the IRF-1 protein level, suggesting that IRF-1 is primarily removed by proteasomal degradation (Fig. 1B) . Next, we examined the role of SUMOylation of IRF-1 protein stability under conditions in which synthesis was blocked by cycloheximide (18) . Coexpression of SUMO-1 conferred IRF protein more resistance to degradation, demonstrating that SUMOylation governs protein stability ( Fig. 2A) .
To provide further evidence for the role of SUMOylation on IRF-1 stability, we determined the SUMOylated sites on IRF-1. An in vitro SUMOylation assay was performed with IRF-1 splicing variants lacking some combination of exons 7, 8, and 9 (SI Fig. 6 ). SUMOylation sites were mapped within the Cterminal domain (SI Fig. 6 ), and K275 was identified as the major in vivo SUMOylation target by site-directed mutagenesis of lysine residues in the C-terminal domain (Fig. 2B ). The IRF-1 double mutant (K275,299R) was not SUMOylated in vitro and in vivo (Fig. 2B ). Because SUMO often competes with ubiquitin for the same lysine residues, we examined whether the ubiquitination and SUMOylation sites in IRF-1 overlap. An in vivo ubiquitination assay disclosed significantly diminished ubiquitination of IRF-1 in SUMO-deficient mutants ( Fig. 2 C and D) , and the coexpression of IRF-1 with SUMO-1 decreased the level of ubiquitinated IRF-1 (SI Fig. 7 ). The data suggest that the major ubiquitination and SUMOylation sites are identical. Finally, we determined the stability of wild-type and mutant IRF-1 proteins. The SUMO-deficient mutant (K275,299R) displayed higher resistance to degradation, indicating that both these lysine residues control the stability of IRF-1 ( Fig. 2 E and F) . Taken together, our results suggest that SUMOylation of IRF-1 contributes to the enhanced protein stability in tumors.
To clarify the role of IRF-1 SUMOylation in tumors, we fused SUMO-1 to the C terminus of IRF-1 (23, 24) (Fig. 3A) . The chimeric protein was used as a permanently SUMOylated form of IRF-1, designated SUMO-IRF-1 (SUMOylated IRF-1). Because SUMOylation often changes the subcellular localization and transcriptional activity (1), we compared the localization and transcriptional activity of SUMO-IRF-1 with that of IRF-1 protein. IRF-1 is involved in the transcriptional induction of cell cycle inhibitor, p21 (WAF/CIP), by positively regulating the p21 promoter (25) . Although the SUMO moiety did not affect the subcellular localization of IRF-1 (data not shown), p21 induction was absent in SUMO-IRF-1-expressing cells, manifesting that transcriptional activity of IRF-1 is lost in the SUMOylated form (Fig. 3B) .
Using the reporter assay, we examined whether SUMO modification of IRF-1 affects IRF-1-mediated transcriptional activity. As expected, SUMO-IRF-1 repressed IRF-1-induced transcriptional activation from both interferon stimulated response element (ISRE) and p21 promoters in a dose-dependent manner ( Fig. 3 C and E) , in contrast to the SUMO-IRF-1 mutant lacking the DNA-binding domain (SUMO-IRF-1 ⌬N) (Fig. 3D) . Moreover, SUMO-IRF-1 did not repress p53-induced transcriptional activation, indicating that the antagonistic function is specific for IRF-1 (SI Fig. 8 ). Furthermore, a SUMOylation-deficient mutant (K275,299R) of IRF-1 is more active than wild-type IRF-1 in terms of activating transcription ISRE-luciferase (Luc) and p21-Luc reporters ( Fig. 3F and SI Fig. 8 ). Our results suggest that SUMOylation of IRF-1 suppresses its transcriptional activity.
Because IRF-1 belongs to the tumor suppressor family, its expression induces cell death in some cell types (10, 26, 27) . To address whether the tumor suppressor function of IRF-1 depends on its SUMOylation (28), we examined whether the SUMOylated protein inhibits IRF-1-mediated cell death. HEK293 cells were transiently transfected with plasmids encoding IRF-1 together with SUMO-1. HEK293 cells expressing high levels of IRF-1 protein and low levels of SUMO-1 induced cell blebbing, a typical phenotype of IRF-1-mediated apoptosis (indicated by arrow heads), whereas cells expressing high levels of SUMO-1 led to inhibition of IRF-1-mediated apoptosis (Fig.  4A) . These findings suggest that SUMOylation of IRF-1 atten- uates its tumor suppressive function. Next, we evaluated the apoptotic activity of IRF-1 and IRF-1 mutant (K275,299R). Although SUMO-IRF-1 does not change the cell proliferation, the SUMOylation-deficient mutant (K275,299R) of IRF-1 increased the apoptotic activity compared with wild-type IRF-1 (Fig. 4B) , indicating that SUMOylation of IRF-1 inhibits its apoptotic activity.
Earlier reports show that treatment with IFN␥ and TNF␣ triggers IRF-1 expression, which in turn mediates cell death (29) . We examined whether SUMO-IRF-1 interferes with IRF-1-induced cell death. We established HEK293 cell lines stably expressing SUMO-IRF-1, and we treated the combination of 100 units/ml IFN␥ and 10 ng/ml TNF␣. Treatment of IFN␥ and TNF␣ induced IRF-1 expression in both control cells and SUMO-IRF-1-expressing cells and did not change the level of SUMO-IRF-1 (data not shown). Forty-eight hours after cytokine treatment, cell proliferation was measured by both 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay and flow-cytometric analysis. Although IFN␥ and TNF␣ stimulated dramatic apoptosis in HEK293 control cells, SUMO-IRF-1-expressing cells failed to induce apoptosis by cytokine treatment (Fig. 4C) . Flow-cytometry analysis using propidium iodide staining revealed a typical apoptotic pattern. The sub-G 1 population of cells with fragmented DNA was 41.24% for control cells and 7.5% for SUMO-IRF-1-expressing cells after cytokine treatment (Fig. 4D) . Taken together, our results are consistent with our hypothesis that SUMOylation inhibits IRF-1-mediated apoptosis.
Discussion
Here we demonstrate that the level of SUMOylated IRF-1 is elevated in tumor cell lines and tumor tissues. Site-directed mutagenesis experiments demonstrate that SUMOylation and ubiquitination sites overlap, and SUMOylated IRF-1 displays enhanced resistance to degradation. The SUMOylated protein represses IRF-1-mediated transcriptional activation and apoptosis. The SUMOylation sites of IRF-1 were determined as two lysines, K275 and K299. Our in vivo findings reveal that lysine at position 275 appears to be the major SUMOylation site, and this residue lies within the SUMOylation consensus sequence (CKEE/KXE). Coexpression of IRF-1 and SUMO-1 in HEK293 cells resulted in a single SUMOylated band. SUMOylation of IRF-1 under these conditions was completely suppressed upon the introduction of a K275R mutation. However, IRF-1 appears to be SUMOylated at multiple positions in tumors because several tumor-specific SUMOylated bands were detected and de-SUMOylated by SENP1. Mutant analyses confirmed that two lysines, K275 and K299, are involved in SUMOylation of IRF-1. However, it is possible that other lysines provide acceptor sites for additional SUMOylation.
The level of SUMOylated IRF-1 is relatively high compared with other SUMOylated molecules (3). However, our immunoblot data with tumor cell lysates indicate that the remaining IRF-1 is unmodified in tumors. Our experience with other SUMOylated proteins suggests that the SUMOylation level of a given protein is dependent on the sample preparation protocol, thus special care is required to obtain intact SUMOylated proteins. Immunoblotting with tumor samples revealed that a fraction of IRF-1 is SUMOylated in tumors. However, it is possible that IRF-1 can be partially de-SUMOylated during sample preparation, and completely SUMOylated IRF-1 is not detected in tumors because of technical problems. Another explanation for unmodified IRF-1 in tumors is that SUMO- ylation alters the long-term fate of the modified protein after rapid de-SUMOylation (3). Moreover, because it is quite difficult to SUMOylate a single protein of interest in vivo, SUMOfused IRF-1 (SUMO-IRF-1) was prepared to demonstrate the role of SUMOylated IRF-1 on IRF-1-mediated transcriptional activity. SUMO-IRF-1 lost the transcriptional activity (Fig. 3 B  and C) . This approach facilitates the elucidation of the role of SUMOylated IRF-1 (23, 24) . However, the SUMOylation process is reversible and dynamic, and the SUMO fusion protein does not behave exactly the same as a native SUMOylated protein. To further clarify the function of SUMOylated IRF-1, the SUMOylation-deficient mutant (K25,299R) also was used to support the functional inactivation of IRF-1 tumor suppressor by SUMOylation. Further investigation is required for a better understanding of SUMOylated IRF-1.
SUMOylation of IRF-1 can enhance the tumor cell evasion of the immune system. It is known that IRF-1 is inactivated in some tumors to prevent apoptosis and cell cycle arrest by genetic mechanisms, such as gene deletion and exon skipping (11, (15) (16) (17) . We demonstrate that SUMOylated IRF-1 inhibits cytokine-mediated apoptosis by competing with unmodified IRF-1. Thus, SUMOylation of IRF-1 attenuates the tumor suppressor function that facilitates resistance to the immune response, such as that during cytokine treatment. Further investigation is required to elucidate the role of SUMOylated IRF-1 in tumorigenesis, cancer progression, or drug resistance in clinical situations.
Several recent studies have reported the relationship between SUMOylation and human diseases (23, 30) . However, little is known about SUMOylation in cancer. Screening of signaling proteins that are preferentially SUMOylated in tumors led us to identify a tumor suppressor protein that is extensively SUMOylated. Other signaling molecules preferentially SUMOylated in tumors possibly exist. Further studies are required to identify other SUMOylated proteins in tumors and define their roles in tumorigenesis.
Materials and Methods
Cell Culture and Cell Proliferation Assay. MRC-5, HDF, MCF-7, and HeLa cells were grown in DMEM supplemented with 10% FBS. Transfection of HeLa and HEK293 cells was performed by using Fugene 6 (Roche Diagnostics, Indianapolis, IN). Cell growth was measured by using the MTT assay according to the method described in ref. 31 . Cells were seeded onto 24-well plate and then treated with specific cytokines for the indicated time periods. Human IFN␥ and TNF␣ were purchased from SigmaAldrich (St. Louis, MO).
Plasmid Construction. To generate SUMO-IRF-1 chimeric protein, amplified SUMO-1 cDNA was cleaved with XhoI and XbaI 
